12 United States Patent

Roberts, Jr. et al.

USO011555856B2

US 11,555,856 B2
Jan. 17, 2023

(10) Patent No.:
45) Date of Patent:

(54) METHOD FOR IN SITU FUNCTIONALITY
TESTING OF SWITCHES AND CONTACTS

IN SEMICONDUCTOR INTERFACE
HARDWARE

(71) Applicant: CELERINT, LLC, New York, NY
(US)

(72) Inventors: Howard H. Roberts, Jr., San Antonio,
TX (US); LeRoy Growt, Kyle, TX
(US)

(73) Assignee: CELERINT, LLC, New York, NY
(US)

(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35

U.S.C. 1534(b) by 0 days.
(21) Appl. No.: 17/280,393

(22) PCT Filed:  Sep. 25, 2019

(86) PCT No.: PCT/US2019/052953
§ 371 (c)(1),
(2) Date: Mar. 26, 2021

(87) PCT Pub. No.: W02020/068980
PCT Pub. Date: Apr. 2, 2020

(65) Prior Publication Data
US 2021/0356524 Al Nov. 18, 2021

Related U.S. Application Data
(60) Provisional application No. 62/738,589, filed on Sep.

(52) U.S. CL
CPC ... GOIR 31/3278 (2013.01); GOIR 31/11
(2013.01); GOIR 31/2889 (2013.01)

(358) Field of Classification Search
CPC ... GO1R 31/3278; GOIR 31/2889; GOIR
31/11; GO1IR 35/00; GO1R 31/3277

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

3,699,300 A 10/1972 Buerki
6,040,691 A * 3/2000 Hanners ........... GOIR 31/31905
324/756.07

(Continued)

FOREIGN PATENT DOCUMENTS

WO 2006/102325 Al 9/2006

OTHER PUBLICAITONS

International Search Report, dated Dec. 11, 2019, 1n International
Application No. PCT/US2019/052953.

(Continued)

Primary Examiner — Jermele M Hollington
Assistant Examiner — Suresh K Rajaputra

(74) Attorney, Agent, or Firm — Greenblum & Bernstein,
P.L.C.

(57) ABSTRACT

A method 1s provided for 1n situ functionality testing of
clectrical switches using a Functional Reflectometry Test
(FRT) of switches on the signal path of electrical circuits 1n
a semiconductor interface. The method i1ncludes 1nitiating
the functionality testing of the electrical switches 1n situ,
wherein the functionality of the electrical switches 1s tested
while the electrical switches are connected to the Automatic

28, 2018. -
Test Equipment (ATE) and are in-use testing semiconduc-
(51) Int. CL tors. The method also includes conducting tull Functional
GOIR 31/327 (2006.01) Reflectometry Testing of the electrical switches 1n situ 1n an
GOIR 31/11 (2006.01) open switch state and a closed switch state to determine
GOIR 31/28 (2006.01) (Continued)
Two Reflection Points
ATE Pin Electronics N o SUT (rterface Board
interac;:ne ot = switched transmission line
5 Point B
5

Point A




US 11,555,856 B2
Page 2

whether each of the electrical switches 1s one of fully
functional, stuck closed, and stuck open, wherein testing for

cach state 1s performed as a single vector functional test to
minimize test time overhead.

17 Claims, 16 Drawing Sheets

(56) References Cited
U.S. PATENT DOCUMENTS

6,703,844 B2 3/2004 Adler et al.
6,998,834 B2 2/2006 Agoston et al.

7,272,767 B2* 9/2007 Colunga ........ GOIR 31/318385
714/724
7,727,767 B2 6/2010 Takenaka
8,299,798 B2  10/2012 Kirsch
2010/0073014 Al 3/2010 Maslen
2017/0038453 Al* 2/2017 Hussey ............ GO1R 31/31917

OTHER PUBLICATIONS

Wiritten Opinion of the International Searching Authority, dated
Dec. 11, 2019, in International Application No. PCT/US2019/
0529353,

* cited by examiner



US 11,555,856 B2

Sheet 1 of 16

Jan. 17, 2023

U.S. Patent

Wid OB04 7 HY»

msmmm mﬁﬁm M w&wm a

%

1111111111111
............................................................................................................................................................

a.u\\\“.m\\ e

uolleiqgijed ygl waisAsiss] — T 'O



US 11,555,856 B2

. . .I. . ' A
”&mm%x\x\\._._.._.x_._.._..\.__.._..t..._._.._..\._._.._..\.__.._.x_._.._..t...__.._..\._._.._..\._._.._..\.__.x\xx\x._..\._._.._.x_._.x\xx\x._.x_._.._..\._._.x\xx\x._3_.._.x_._.._..\.__.._.x_._.._.x_._.._..t..._._.._..\._._.._..\._._.x\xx\xx\xx\xx\xmw%k&m\.\.\.\.\.\\.\.\\.\.\\.\.\.\.\.\\.\.\\.\.\\.\.\.\.\.\\.\.\\.\.\\.\.\.\.\.\\.\.\\_.\.\\.\.\\.\.\\.\.\\.\.\.\.\.\\.\.\\.\.\\.\.\.\.\.\\.\.\\.\.\\.\.\.\.\.\.‘m\«\\ "

................................................................................................................................................................................................................

.._\\\\\.ﬁ\w\.&n\\qwwwwwwwqw4qwwwwwqw4qwwwwwqw4qwwwww14wwwwwwwwww:.
& PIRIEs JE T AR il
oy f
LA FERAT R LT SHS 3 S5 WL » o .

n.m NM h....m m..nu. Hw h‘m #f M.mm....m W mm\“ Wwﬁ.ﬂw -._.\..x..wx.‘.x..w...‘..\..___.\\\.\.\..._..1..\..___.R\\H\\H\\R\\H\\\\RR\\H\H«WNE..«m\_‘“....\\w...\.\\\.\\.\.\.\...\.\\\.\\\.\.\...\.\\\.\.\...\.\.\\.\\\.\.\...\.\.\\.\\\.\.\_..\.\\\.\\\.\.\...\.\\\.\\\.\.\.\.\\\.\.\...\.\.\\.\\\.\.\...\.\.\\.\\\.\.\...\.\\\.\\\.\.\...\.\\\.\\\.\.\\.\\\.\\K\\K\\K\\K\\K\\K\% ....................................................................................................................................
2 ........................................................................................................... _.___
@ ’ $
h . = VO e e e e e e e e e e e e e s e e .
7
e,
g |
~
g

[ 2
7
y—

]
—
o~
p—

uoleiqied Yal 24nixi4 1531 — Z "O|4

U.S. Patent



US 11,555,856 B2

Sheet 3 of 16

Jan. 17, 2023

U.S. Patent

g U104

PJEOY 92EL91U| 1 NA

V 104

“ 193UU02J3]Ul
JUI| UOISSIWISURI] PAYIUMS :

pue
UD1IMS aJempliey 1V

SJUIOd UOI139|}ayY OM] - € ‘DI

sJoleledwlod

19ALIP

ANRVAV

SJIU0J129|7 uld 1V



US 11,555,856 B2

Sheet 4 of 16

Jan. 17, 2023

U.S. Patent

231 2305

3%

\q...v-

7 %

Ny

... .
- 1
- -

iy R
T3

Rs

o,
.,

TR
A
W

NN,
"'?
AN,
'l
W

“aa i

{7 5 444k

SHS IR n 11N
i B <o poson yoyms

.._.__.___....-.___----......-.-.-_..aauuu.uu.nu._ ;mwﬁanwmwwxmxxxxxmwww
_.-l-l-.ll...._-.‘._-.._..__.._q ‘aaa’ -.-1l1--..\-.._...._....___....___.-._-...._-h_-.._..-h_-...._-h_-....+ F i T T T T T T T s
O A T e A

N il “\-bt.ﬂ.u-.q.l
I
"

..... » -.:.----l.‘-.--..uuu_-..:.ql--q NI
|.‘ ................................................ n-. .............................................. e T T T T T T T T T T T T T T T T T T T .l- ............................................................................................... A e N NN BRI At |H11‘1_.._‘!| .
IORIENENE - i b b A b R e R R R e R s “ﬂmﬂﬂmﬂﬂmﬂﬂmﬂﬂmﬂﬂmﬂﬂmﬂﬂmm.ﬂmﬂﬂmﬂﬂmﬂﬂmﬂﬂmﬂﬂmﬂﬂmﬂﬂmﬂﬁ LI I b L S L I S S S S S h..\_.._._\_.._n\ %\

.........................................................................................................................................................................................................................................................

“.Hnipl..-irl.__-ﬂi..-.. p&“l--ﬁnﬂi.\.-.-h. _ . ﬁ L ,i. ___. : _... .!.il R ) ; . . .._. A e R N RN RN ....._-._.__-L_u__._-_._ _. . ) | |
”__”____”_“”___”_”_”___”_”___m_”__”_”m_ﬁ..._wm.m_f :w_....vwmzwmﬁmm H._. Wmﬂma\wwxwmﬁ%m;ﬂm\hmm\{ﬁ&ﬂmm;ﬁ& : Wmm_.“.h . - e ..a..._.\...‘_... __..._“..W R S

““.‘ ............................ .“I ........................... ) S |..1..-..l. ..........................

..............

N
1.'::':?3:

e
o
ol

e
Ko
MM

AN

”””””””””..m..”.”..”....”.“.”.”.”..”.”..”..“h...”_”...”........“.LL“”...”&”...... \ . _...“__...” __..._.____.._- _. ..... _... ””.....L...,m._“_l_ __l.__-__l.__._._..___._.___.._. AP . ; g ..._. .””“”uﬂ.ﬁ- u._.\_-_w..tum_-_._v Huvﬂ.
ﬂuﬁmﬁmQﬂﬁﬁ?ﬂwa&ﬁﬂaﬂwwﬁmﬂm&mhhﬂkﬁﬂﬂuﬁ e & v e

ma $319; ‘N m Q@ﬁu\wmm 3

A R M T e R T T D D DT D D D L T T L A e . L
T T, e O S SRS S D Ay [ 4 e A - .
A T ey s T A o :
T T e e O R LA R e e L e A

.............................................. ‘h ...|....|.|.....|...+.......... |1.| |........||. Ay = s P T T T T T T T T

‘v‘mw\wﬁmﬁw&w&ﬁﬁmm&%& .... um mm m\mmmwmw m\muwm\mﬁm

e NN e e e e e et At e e e NN DN PSP NI PL e A, e e NI EDIIIY AR ”

.......................................................................................................................................................................................................................................................

”______w__fxAAAAAAAAAAAAAAAAAAAAAAAA.._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._..AAA&A&AE\A“\E&&M“A&&NAAA.._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._..ANMAAAAAAAAAAAAAAAAAAAAA.._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...._...h;_.h._.xv..;..x._..\.._._“.;_..u.;_”;_..1__.._.___.___._._.__u.___..._..._..__...ﬂ.._.xuuuuuuuuuuuuuuuuuuuuuuu.._.xxxxxxxxxxxuxuuxuuuuuuuuxhxum. W .._.T. 5
................................................................................................................... i e T T T T T T T T T T T T T T T T T T T T T T T T T T T T T g T T T T T T T T T AR B
........................................................... Pt e T T T e e L T e
-”...................................................................................................................................................................”-”.“....nh..._____m-u_n..q__.“ L q....._.......h.“q;u+..15”.”._.“................................................................................................................................................................................................................................................................................................._.”ﬁ.....\q....___.._W._m....”_ﬁ_.._..u....“..\_u.......ﬂ..w._.m,“. L T T T T

rr L T T T e T T e e e T T e e e T T T e R T T T T T T T T e T T e N T T R e e T

||||||

e

11N2J1D PaYdI1IMS UO S|eusiS — {7 "D



oy

R

US 11,555,856 B2

Fd b r b b k&
LN

oty |
Gostsngiors
W n o arar o ar B e A R

A A R A R R R R R R R R R R R R R R R e

Sheet 5 of 16

Lo e

4

v A A e e il S A o e S -

..................... ..::ﬁ%”.--ﬁh.

17,2023

ISy pue sarERs, 0 ¢ o o FL gy

- S Tl T T T e R R R RN S BRI N SRR RSN RN N R SRR R AR N o RN

: R BRI T
m Uonssss R e ey . SisAke 7 i g TR eBph
—_ N G Y
: 937y ST A Yewmyy o B PR e
oo s s il e B i i S o gma  PHER

..-.__-. .......................... L T T T T T T T T T T T T T T T T T T T T T T T T T T LT ..-.....-.............._. ....................................................................... T T .1.1.......... w 3 ! .l-. .......................... e
R 2 R L N i ma : : R A LN D S

e
_.__.._...___.._..._....._._..x&x&&x&&x&&x&tx&&x&&x&&.ﬂ\
1!.I|

Wi s U IH) U pus [ mopy “

B I RO i : m,'m\m ..__”....”._..”
€3 LIMRG M) BP0 B 5 RIS - B e g o E

...........................

T
a

3

T : m.”mmmmmmmmmmmmm_.m__._m_m_mﬁmmmmmm__.__.... .”mmmmmmm._...._..wmn...k”._-

m”.__-..-.......-- ....... -.. ... AT -...-.\.-. .... . ................................. ......_. .................................................................................................................................................................... A T |....“..- |||||||| ...111-11”!-1.1..__..___..__...-...-fnu._..___”.........-_1 ....... ; ..

111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 rp

L. L 1‘ . -
........................................................ RS A ._.-.._\ .-u_.._,,_____..__...____..ﬂu._....._w. " .- g L L L DL L L L LA T e

L

R S S R R RS RS R RSO PSR UR TP I PR POROR I e R i R A .

U.S. Patent

S|9A97 93B]|OA PUY SUIWI] — G

Ol

7

W0 UOUssel
PBUMUBIZC
S8 DESOLT YIS

"oty

R
R
%

Na
o

REEIN

LG
LR

'

}.u

*

Ao

Wt
o

W AN
.;u"'l\::
\.‘._u

W3S BOLB e
paunuelgosd
58 USdo Youms



~

T T T T e
.....-..___.” ..................................................... e .l.. “\_-'t.ul..“.-—
.___.._._..___.._._.,__1.___..___..___.1111111111111111111111;\\- n_.n__.-&m_ _-“.11...

S e D L D T D e L T T T e L e L e L e RO A

” ............................... - LY N Y !
-_._..”.:.:.”.:.:.:.:.:.”.:.”.:.:.”.”.”.”.”-..,u-....h...h_\,..\w”.u.ﬁu
B B U NCREIE e 47

US 11,555,856 B2

e AR
N LR E IR E TR PP PP SR :
e s
”.”.:.”.:.:.”.:.”.”.:.:.”.:.”.”.”.”.”.”.”.”.”.”.”u\«u“..,..«m.”...x“
I T
......................................................... R I
PPN R R
R D D DR ey A
Wy ”“wwxﬁmﬁh“_;“\w
B AT TR T T T
L e
.-\__” . “.“.._ ....... .' e
.............................................. SRIRIRAE I o e
L e
e e D e e e e
L L L e
................... _..,..,..,...H..Hu..p..hu.u.......m.__“_“_“_..”Hn_.u.w“ﬂw. q_.”“m.”
iiiiiiiiiiiiiiii B
............................................................................................................................................................................................................. l._.-.__l.._l...-l.__l-.h'.-..‘-....-. r .....r....-\-..-.--.--..“.“.

”””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””..H””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””””.”M”””””””””””””””””””””””””“””””””””””””””””””””””””” "“.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”””n””””””””””””””””..””......
.................. T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T e i S A

Lo .T_...”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”-..r”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.....”.”.”.”.”.”.”.”.”.”.”.”.”.“___””.”.”.”.”.”.”.”.”.”.”.”.” T T T T T T T T ”u__.ﬂ..-..u-nﬂ_-_.& L.

e .u..,an_”nu_._..”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”..,.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”u__..”.”.”.”.”.”.”.”.”.”.”.”.”.”-__,.”.”.”.”.”.”.”.”.”.”.”.”. .“”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.-.n...”..._....q-.._ .......... :

RSO IONIOS L L L L L L e E RIS g L S BEENN NN .

e T LIS L . S L L NN L R PEIUE DRI P T :

......................................................................................................................................................... e e e e e e e e e e e e e e e T T T e g gty T e e e i T T T T T e e T e e e e e
.................................................................................................... LT T TP PP P ORIl w...___.p.-_..“.-“....w-,.,.,-,-,.h.. . .+..._...._...._...1_.r_.r_..,.._...........-......-..-....u..-..-.u........._.-_.\-_.\\\\\\.u\\.u,.__”u...__...._...___...___...._”.___....ﬂ-..........,-................................._.__,...........................““.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“.“...u,.,.kh%\“..ﬂfmh

............................................................................................... e L T . P P, l_ll.l.....!q.lq.lﬂl. P Ll L i L T T . e
........ E |...........1.-.-.:.....|.....|.-.-.|...1...1.1.1.1.1.1.1.1.1.1.1.1.1.1.1..11_-!..!..!.-..‘-.1.1.1.1...1.1.1.1.1.1. LT e a ..-llllilll.l!.-.I-_.I‘..._..ll.lll ..l...-..l...-...-..llili oAt e T v .Im_.lm. II. __.l- -l-l-!.....:.:--..- NN R R
.:.:-”u.....”.xa.,ﬂ..x.,....._n.....u..”..Ha.,....ﬂ.__”.....Eﬁ.._xh.“.x.._..x.n.x..n...ﬁn.x.ﬁxkaiibi«A....q....l.ﬂﬂmﬁwﬁmmﬁﬁﬁﬁwﬁ._-n..q.-...q..._....‘...‘..,.”-..-..-..- .... 4-4.14...4........,...@..,........‘_....&..‘..“-...”-”-”.1”-..-..-..-..-..-”.”.”.”.:.”.”.:.”.:.”.”.”.”.”.”.”.”.”.:.”.”.”.”.”.:.”.”.”.”.”.”.”.”.”.:.”.:.”.”.:.”.”.”.”.”.”.”.”.”.”.”.”.:.”.”.:.”.:.”.”.”.”.”.”.”.”.”.:.”.”.”.”.”.:.”.”.”.”.”.”.”.”.”.”.”.”.”..m.”.:.”.”.”.”.”.”.”.”.”.”.“”.:.”.”.:.”.:.”.”.”.”.”.”.”.”.”.:.”.”.”.”.”.:.”.”.”.”.".”.”................”.”....
......................................................................................................................................................................................................................................................... L

.......... L e e e
.......... ﬂh%hh\hh%h\\hh\h\%h\\hMhh\n_..._..._.n_..__..__..._..._..__.n_..__..._.n_..._..__..._..._..__.n_..__..._..._..__..__..._..__..._..1_..__..__..._..__..__..1_..__.11..1.__.._1..1.__.._1_._\.\_..1____“.._”.._..\..11_.MMM\MM\MM\MM\MM\MM\MM\MM.._..._..__..__..._..__..__..1_..__..._..._..__..__..._..._..__..._..._..__..._..._..__..._..._..__..._..._..__..._..._..__..._..__..__..._..__..__..._..__..__..._..__..__..._..__..__..._..__..__..._..__..__..._..__..__..._..__..__..._..._..__..._..._..__..._..._..__..._..._..__..._..._..__..._..__.\Mh\Mh\%h\%h\%h\%h\%h\%h\ﬂ -_-._.n_.___.hﬁ.ﬂhﬂ%‘\ﬂﬁ.h\hh\%h\%h\%h\nﬂ i i R T N H\\._ R ol

................................................................. A o A A A A AR A A R A . A A U A A A AL A "R
................................................................................................................................. r +.-.Ir!l.5--.1\\.h.|.-1!_..l- |.l&!-:h.&‘~% .............i..‘.“ -.b..-..“t\‘.li.....‘ﬂ.u‘ .‘..-‘t:!ﬁ...ﬂ.!:l-......lﬂ'.
................................................................................................................................. R L L L L L L L L L L L L L L L e L L L L D L L L L e L L A A i S R g D e e e D e e e e L L
.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”..q".._.q__....___._............_____“.”.”-..q....-..____”__h.____n....ﬂ._q.,...”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”#”ﬂ.q...w.ﬂﬂ”.”.”.ﬁw.w ._._u,_____.l_u_._.__._.q,,._.a.._._.__T ......................... B USRI L

Sheet 6 of 16

.......................................................................................................................................................................................................................................................

....................................................................................................................................................................................... W RN
....................................................................................................................................................................................... .t_---.-_"-rlf. 1[-.11?_.%11
.............................. o ..i

e e PPN I SN DDOEI PP St 5 W\n‘mw
« P s s s s s s e e w s w o wmwww o awaa e e e e w e ww wwaw s m o a s m s s m s m s s m s m m s m s s s s w s a s m omoa s a m -‘u.—.UIl”
O NP LS AR

L L L L L T L e e e
._.“_“_“_“_“_“_“_“_“_“_“_“_“_“_“_“_“_“_“_“_“_“_“_“_“_“““““_‘”..”um.-..w..ﬁ.._.x“_“..w_%_“.
L L L T L e M e e L e e

o
-I-‘:
TR
B
)
o

A ..- T e L T
0 ".____.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”.”...” R I
R At -....__.._..Y....,w-w.,....
2 T m_”._m_m_m_m_m_m_m_m_m_m_m_m_m_m_m_m_m_m_m_mﬁ“m“_.“_,“m.””w_.....ﬁ«n..._m_...w....m:
- I
-ﬂ ................................................... s .II -l-. \.__.H_.H‘
™~ L D L L L D L D L D L D T T T s o m«ﬁ%ﬁm \% _
T TR g ey T A
. S TN ,._.”.,ahu..ﬂw...._,.._,uha.,_,."_,_.”._._.-umﬁu\wmhn.m_.... o
n .._."._.q_wﬂ_q_q_q_q_q_ﬂ_ﬂ_wﬁ__.__.__.__.__.__._w_ﬂ_ﬂ__._m“m“m“mmwm””___________.._____..______
a ....................................................................................................................................................................................... U DU UCUE IR mu. L .
J R S R TS e I E TSR L PR R S SRS ORIy
L T T T T T T L T T T T T T T T T T T T T T T T T T T oo L -.-_1. L T T T Ty s
T T T L D D L o g Y.
L R R R R R IR _“_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”_”””.”Mw‘.ﬂ..m‘.__.‘..u.”.h”... o
......................................................................................................................... 1
B T N TSI NN S

™

.
s
%
h
.'E.?E:"_.
B

F o

L L L L
......................................................................................................................................... “‘1- .“-H.-nn.\l“.l"“ﬂ“...r”l.ﬂ..
L LT LT O P DR PSP DTS PRSPPI L L T A
T, o IR U o PN
R e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e W e e e ICBRNER e o B o
....................................................................................................................................................................................... T e -
..---h1-1-...|1-1m ......... ................................. .“-.-_1- -..-.h'\...\..h\.ﬁ. \”—1
....... Tt e e e e e e e e e e e e e e e e e e e e e e e T e e T e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e T e e e e e e e e e e e e e e e e e e e T e T e e e e e e e e e e e e e e e R e e e e e e L o IR U NSRRI
._._._._.”._.“...T__..__..q...__,_T....”.”.h_.___..__u__.___..__..__..u..__.___..__;__..__..__.__u__..__..__..__.__..u.h_.._....q....h_..__.,_..hAl__.__;__u__;__;__.__.;__..__.__u__u__.__.__..__u__..__..__..,_...”.”.h_..___..”....h_..__..__..”..__..__..__..__u__..”..”..T”.___..T__.___..__..__.n.”.ﬂ‘__.m.”.?__..__..un__..__..__..__..”..__.___..__..__..__..__..__u__..__..__..__u__..”.h_..__..q....__.___.,_....”.ﬂ...”..__..”.ﬂ.._”..__..__..q..__ A ol A A, R R A R N R N RN PR : ______._,.T_._.,.”._.T_,.._._”._..T”.__.._.T”._...”..”-._.”._..._..”.._._.”.._,.H..".” .........................
............. H.......u-......-......|.-........-.-.............|..........-......|...- T T R R R B R R R R R S . .|.....u.-.-.u.....|.........-.u.....u.........-.u.....u..u.l_I.- P N LR
...... e e 8 B e R . T WLt
R S SNl B B B B B B B B B B B L P L L L R P e i ol S
”.”.”.”.:.”.”.”.”.”.x.:.”.”.”.”.:.x.:.”.”.”.:.x.:.”.”.”.:.x.:.”.”.”.:.:.:.”.”.”.”.”.”.:.”.:.”.”.“...wa.__u ,wh.”.mm&._.._“.”“.wva.”.”.”.:.x.:.”.”.”.”.”.”.:.”.”.”.”.”.”.”.:.:.”.”.”.”.”.:.:.”.”.”.”.”.:.:.”.”.”.”.”.:.:.:.”.”.”.:.:.:.”.”.”.:.:.:.”.”.”.:.:.:.”.”.”.”.”.”.:.:.”.”.”.”.”.:.:.”.”.”.”.”.”.”.”......._...“_.,.“h ..u...\.u.‘.._._... t._“w“_..__.\ 0K - L L L T L D L D D L e
.................................................................................................................................. ST R A g e e e e e e e e e e e e T e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e ;k - , I R B N NI
.“._.“._.“._.“.x.x.“._.“._.“.“.“.x.:.“._._.“.:.“.:.“._._.“.“.:.:._.“._.“._.:.:._.“._.“._.x.:._.“._.“._.“.“.”.w..,_”.ww“.H..,-.L.H-.,.r.....,..._m.u-“__.”-_._._._._._._._._._._._._.”._._._._._._._._._._._._._._._._._._._._._._.“._.“._.“._.x.:._.“._.“._.x.:._.“._.“._.x.:.“.“._._._.“.”.:.:._._._.”.:.x.“.“._._._.“.:.:.“._._._.“._.x.:._.“._.“._.x.:._..._n.:.___._.....“...-“-“....“.....m....“......_.“._.....,__.___,“..._mh.._h_._.“.“.:.“.;“._._._.“.:.:.“._._._.“._“.:.“._.“._.“._.x.:._.“._.“._.x.:._.“._.“._.x.:._.“._.“._.“.“.“.“._.“._._._.

1X3] POSO|D 2N1S — 9 ‘H|

U.S. Patent



U.S. Patent Jan. 17, 2023 Sheet 7 of 16 US 11.555.856 B2

FIG. 7 - Truth Tables




U.S. Patent Jan. 17,2023 Sheet 8 of 16 US 11,555,856 B2

ofe
=
=

7Y intertare Board

'1f;\$\.:\:~“:~“:-“:-“:-‘:-“:-“:-‘:-‘:-‘:-‘r-‘r-‘r-. AR :mf

.
r
r

i¥

Functional T

00
=
=

-

Bty

X

L

303
s %
R
S

e

FIG. 8A - Determ

e 1




US 11,555,856 B2

Sheet 9 of 16

2023

Jan. 17,

U.S. Patent

V I0d
g ul0d

soyauelq OM] 3yl JO JALOYS

$J1U0J123|7 uld

YoUMS

S9youelq omi a2yl Jo J93u0

pJeog 2ep3lu| 1NA

gulwl] [euolldoun4 suiuiwuialaq - g8 'Ol



US 11,555,856 B2

Sheet 10 of 16

Jan. 17, 2023

U.S. Patent

g u10d

SJ1U04199(] Uid

(pa129uu0d pieog adeudu] 1NA

V UI0d

ﬁ

(P9123UU0ISIp) paydene pieog =20ej43lu] 1NA ON A S21U0J129|3 uld
uid 080

Sulwi] [euondoun4 Suluiwialaq - D8 ‘Ol



1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 -.-I_ " - hr . 1‘. -, '
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ® r Fr r Fr r F F F FF F F F F P F F F F F F F F Fr P F F F F FF F F F F P F F F F F F F F Fr P F P F F FF FF P F P P P P F P F r rrr e r rr rr.rror e r r r B8 L} ' - 3
arFrFrFrFrFFrFFrF R FFFF R FFF R R R FFF R RN FFF R RN FFF R FFFFFRFFFFFFRFFFFF R rF R FFFRFFFFFFRrFFFFFR R FFFFRF RN FFFR R FFF RN NN FEN NN EF N FE NN F E 0 0l N N N N I N N N N N N N +* - 1 -
kel el al el el el et al el el el e el el el el el al el el al el n el sl al kel el el al el e el el el el el ol al e nl el el el al b el el sl ab b al el el al o ak e el ab a nk el el al e ak el e e al e ak a e el al a nk e n u . ' : E -
- . - * o
. . A . i - . . 1

US 11,555,856 B2

& m oy, §
\\ .”n.“.‘\‘.\mw.Hx.\\v.\x.\i_..\Hi_..\.\HH\H\HxE..Hx.\u.\.\Hx.\i._.HH\\H\x.\i_..\xE..Hx.\\v.\xu.i_..\HH\H\.\HH\HH\xE..Hx.\\v.\i.ﬁ..HH\\H\HH\HH\xE..Hx.\\v.\i.ﬁ..HH\\H\HH\HH\xE..Hx.\\v.\i.ﬁ..HH\\H\HH\HH\xE..Hx.\\v.\HH\HH\HH\\H\HH\HH\HH\}W\ "
. F .

PR MAIE LYY 3wl

¢

LCHESHAILIB S 30 pUB

\&

o

Cof

-

— ‘(g) sAe|op uoijeiqijed Yql 24nIx1} 1591 3yl SMOYS aul] ysiy wonog

.m ‘(1) SAejap uoljeiqljed yql walsAs 1s91 ayl smoys aul] 1jo7 wonog

&L "19)D0S | N 1€ uoissiwsues] Sl aui] 3|pPPIA
"Juswiainseaw awil lisuell ayy si auij dojp

o

e\

—

)

r~

A

=

o~

-

gulwl] |euoldun{ sujuiwlalag - dg ‘Ol

U.S. Patent



US 11,555,856 B2

.

: -.V.%\M.‘wwx\,R...xxxxxxxx\xxxxxxxx&xxxxﬁmx\,\x.

\O m | m
o .&M§§§x§§§s§§§s§§_,v\\\‘“\ﬂ.\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\%.*.

0 i
g |
Y
~

P

P
e
P,
e,
g |
~
g |

[ 2

7
y—

; ®
n [ ]
o~

e, e ® e o o

U.S. Patent



IVEIEY,

ﬁﬁw m ________

....... .............................................__............. ' ...

............................... rho.

4=

17 4 = L]

FRR |

_fﬁ&’f-:-_é.é.-,é,;;?;

. -
4=

A

r nom

r4 =

AR

US 11,555,856 B2

£ 4

DNIORREN

4=

hh

4 4

.-?-747;74*#:;:&:-';;{ '

..................
a -+ r
-

11111111
Hl.‘H.IHlJ..—.—.T.
-l..-. e e .

2T T -
Kl ‘:uu...q.__:-_..—_._.......-.q:r__......__.....__._....._......1._..1.._.__.—_.__..__.-.__. ‘u .u.'.-....:.'...._h....__.__...__..—_._..:.. r._.L. .u.._..-__..._._..._.._ ...._L. ‘3 ....__.__-...__.-..._.._++.__.....-._..}+-.._.__.._....".._._.....__r.-...-.._-tq..“-..-r:|-+._....lll.u ..:..-‘...4_-...
. . . .

-.-.”._.”._.”-_....-_._.m._.”._._._-_.”._-_._....”._...._.”.”.....”.”.”-_.”._-......”-......”-.........-_.__...___.”. n...-

.'_-.'.3;:, -;-;-'.~;5.3.g;g;~;~;g.;~.‘.~;5.-'.~;~;~;:~;ﬁ;~;-,~;~;-.-;~;-;-;~;-;~;~;-;-.;~;g;~;~;~_-.

-

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

LJ
T

L

.____.. ......
._._“ -
.“....”.”....“.”.”..”._....“.“.....”“..”.“

RN ae

:@

+

................ -
.....................................
...........................

'4;-.;-..4.,5

e A b b
% -“. ftf?*ffﬁ*i‘?h"?i5n?4.5;;4-54iii%ii.:.%.:.Q:

1._._1.__‘._..1.1%.,_.._‘. {.__.,._‘.um\hi._....b_.uu}v

rry T T L)

L e e T e T L T T - T T L T . e e e T T e I
] P T T T e T e T T e T T T T e e T T T e T T e e T L T T T e T L T T R O o T T e T e e N R T B T R R RN R

. - ) - ) . ) L} ) . ) . N . - . L} )
T
II-----l--l-----lE---I-l-ll ---l--l- ---I-----I--l------I- - o= . CR—
A A n A
&__....:._.,.._.....1.._.?‘...:___.._..”:....._.: ._.i..:.:._..__.. ___..__ ......._..,u.....‘_....._.-.._.._..‘__._.._____.u___._. ___.-.._.:.:..,._._f:_._. .__._,t:.:...___..:...._.m._. ¥ t.,._.+¢..___+¢...a......_..,u...u.“___._.v._._. ._._._____...u:___...._.-u: ____._-__._._.. ...__....._..._..-.___.” ._.”..u_t %\t e
- L

.-t.:1.1.:_....:.-..1._.1.._.!_._._1_...1}1._..1.-___..-1.. .:.._.t....t.-i.-_.._.h.‘..-t.-_.._..._.t..-;-....:.l.._.t.-:.i:.._.l. .._.-.:.—..:......:.:t.—_l.__.:_._..l_-..-..._..t:l....:.._..._.-i__.‘.__1...}....._..._..‘_ :.._. 'y

t...._...._.u._n......_.qv..___. LAt

TN ...-._.U__...T.”._..f......u_..-._.-._..m._.f...._. ") t..: ._..,ta.._.».____f.._.:+._...:...._.::i...:.___¢u....¢...__.v._.n¢ ._._,t..___.._.._.-t:._..».._.a.._....tm.._..__._-._...,.:........_.::f:....f....t:.....t....._____...u:..........f.:.:.m...ﬂ..:....::t..:._.p._..__....__.-._.a....._..u....;..._..-._...t._..__..tht:..q ._._'u..._____.-._.f.....:._...___._f _..:_..-._.:

._-._._. .___._..__. ___. .._.a___.....:_'.___.._..t‘._......._._. oy Lt

Sheet 13 of 16

BRI, S5

e

L1
o

"

.................... A SR
.-.__.11..-

L

L
.”.”.”...-”.”.”.”.”.”.”.”-”.”;“.”. .
.__—.”. .

LI I

2 = m & m & r 2 = - 5 = F .3 2 5 2 m 5 N & § N _& 5 & F 5 & F u & T & & &

ettt e i e e e e e e e

L T

r

'
Lk

£ 4 04

e e P A R e ) R . - ) . RN SRR AN RN . :._1 o ._.___.a . ) ) ) - LA s B
e e e e R U O SEEREDESCORNCRNENE sl Aty a0 A - . . . . e . e . ) - \\. I . R . . -
e T e e e e e e e e e e e e e e L e i S ) I ) . ) Rt NN Ra e ) ___.__. ,___.L______,.-....._1 ) _ .___.. _ : ) e
...................................................................................................................................................-m_......._1‘_n.._..___._.q-.‘_-i_”......._.;__‘.____-1_..._\.uﬂ.h .n.q._.... '. ', S PR ! R T T AL R P P L -1_. .1‘. .\.. . b... ............... N A PR P AL L P
ST ..-....-.....-.....-. S T T T T T T T L T T L T T T T T T .--.....n.-.-..-.--.._l-....--....-......-..-._.u.|-l--..1.-- .- - - A - - ) IR “..- S m R K - . : ﬁ. \ i - L. K__ .......... .'t... .. --.__-.._.. - o - SN RIS
MR A R y ar T ey - P o T .. .. tpld PRy e b - e e e ™ . oy p ] P e P . p - pla’ .. e i T o “n n o . Sy .. e o o ' ) n _-.-. iy p .. o . W ] I h
IS e TR A TR, B TR RO~ “....““““. R ._{.._. o R NP o R ARG A 2 RN
e e T g T T e T e T T T e T L T e e e e L T 2 A e SIRIREME N, 13 A e T
IO SRR L gt e e e e e l R ) |.-||.|...........-.....-.....-.....-.....|.....|....|....|..-i.....-... L . ...__l.t.-.._.. L IOEREIEE - T N Ea e R R I I
.“-. . . LT .-_._In ........... ..._..._.... -...... .... ........._.!. LT . . ) .-“.“.. N ..... TLTATLTT e _l- e ' ...ﬁ..”. P s P . n.__... S . .Hr S . ..H.“... L. el . ...“... . ST LT AT . . ..“al...rhw.bﬂhﬂlntﬂﬂﬂ.“\h‘.-._.
: ..-1....__l.._l._......_l...L_..-..._l._.l..._..-_.._l.._L._.-..._l._..l..-......_l...lll.._l....l.._l l._..-_..rl.._l._..-_.._l.._l._......-.ln_.l._..-..._l.._L._.-.ll..l..-..-_...l._.l.._.lll._..l..-......_l...l.._l.._l._..-_..-l.._l._..l.ll._.l._.......l._.l.._..l.._l._.uw__..-..._l._.l.__.l.._l._..q.-.l.._l._.l.._.lll....l.._l.._l._.l___l l._..-_....l.._l._..l.._l.._l._......_l...L._.-..._l._.l......-_.._.\_.L_.l.._l._..l.._...._ - -_l._.l._..-_..._l.._l._........l.._l._..-..._l.._L._.-..._l._.._..._......_l._.L....-.ll._..l..-..-_.._l._..l._-l...l._..l.._l.._l...l-_l._.l._..-....l.._l._..-.....l._.lrl_._l...l .-..__l._.._..-.l.._l._.._.._..l.._l._..l.._ l 1.__. .‘t l.._-_._..-_..._l.._l._..-_.._l .l..._l...lr _‘_....l.._.l.._l._.l......-_.__l._..l.._l.._l._..q.-.l...l._..lll._. u-x-.l.__l._..-_..._l._.lr.-_._.l._. ....__l...._..._.......l._.l....lll._..l.i..-_.._l._.l.._l.._l._..l.._ l._..-...._l.._l....-_...l.._.%..-_..l._.lrl.._l.._L._.-.ll._..l..-......_l._.l....lll._..l..-..-_.._l._.lll._.l._..-...__l.__l....-_..._l._.lr......_l._.L__..-_.ll._.l.-.l_._l...l.__..-..._l._..l.i..-..._l._..ﬂ.___.ll._..l.._l l._.lll._.l._..-...._l.__l....l___l wta Pt -.-._....._l._..l...l.._l._..qi.l.._l._.._....l...l._...r.._l...l._..-...._l._.l....-_.._l.__l._..l.._l.._l._..-_...l.._L._.-. o .l.n-__“__.._. - “.v_ﬂ..-.q. . \l‘. -
g L L L L L L L L L T L LT T : ) . T R RO : . A S : D T T i 0t - I B P A
.“ .................... ”.......... ..................._ .............................................. T e e e _............ LT ' R .. . ” ..... .. .11. ..........“. . ._.“. ............ TP L PP ._. ““ .................... .. H.__ .” ...........”.
A . . e e e e e e e e D e e e e e e ] . e ..-I.".” RN A v T AL e i Ll e - T T
.-_‘. L . ............. .... [ R ........................................_.M.” .................................................. . .............. ... i 1....“.s__.l.. ...... “ ' ...I--- o, . N .....“.l- ................. .-... .-.-1............ S Lt ....u”...”..._._+..b-_-_*......i—‘..-l.-r.-
.”.“..._-l-.-....l-lh..kl-lh.....l-l-.....l‘i.\-. l...-.-l-lkuul-l..u-l1l...l-l-l..l-l1.-....l-l1.-.l ' l-.-. l!.iu l.-.lu_..._li lu.-_1 ....|“-.ltu_....l-l-.-...l-lqu-l-l..l-l-l...uul-l..H-l-.n..l-l-l.._-l-.-...l-l-.-...l-l1I...l-l1.-.-l-lqu-l-l....-.-l-l...u-l-l-_.-.l-_.__\nil-l-.-...lirlﬂ.-...l-l-.-...l-!1u-l-l1.-.-l-!1u-l !H I\H l.-.._.ll.-.l l.\n__.l l.nh1”.... .”..|.”|1-u.u..-..h\-.....u..-l.l...-.-l-.-.”.l..-lhn..l-l”.-ua_‘l..-.-..l-l1.-.-l-l.”..n.-l-l...u-l-l...-.-ln_.“.__-.-l-.I.._-l-.-...l-l-.-...l-I1H...l-l.‘-\i-l1.-.-l-h..l.tﬂh-lqu-l-l...-.-l1.l..l-l-.-...-IL-...I-I-.-.-I-!L-...I-I.-.l lu:._-__. .-l..-l.”.l..-l...-.l.”H..-l.ﬂ.-.u” l.l.hl..--.“.-".-l..-l.;...n.-l..ql..1u..-l..-l.“.-..-l..-l.”.u..-l..-!“u..-l.u-l“l..-l..1i.“l..-l.uq.n.“l..-l...-.-"“l..-!.w.-"“.‘"l H.-l--x!‘tﬁnu-.““.t- .”...
.-_n Wt Lt . _._1..1 .....M_-.:.I.” : -. LT . ..-._..__...”.”._.”...-.._.r.....____”. ..... h : “. .. _._. ........ R . .._ . e .....”..... ...... ..........”. ' -..1... ........................ 1.... * ....-".-.“: ...._1...‘_“-.&.-.1“..-‘1“..
e i _:w__.._“ . 5 ! RRes m_x@..u.v...”ﬁ-. ....... g T LA A A B D AT T ...““m“..“ ......... A T
o = Tl T 2 B SHSHN e s i BB 4 RPN
~J O S iz e = T
R T T e T T . . P i N R Lt Lttt e, L AT ot P P L L PR | N
e o X S i 58 o= el minbobiinhonh g i e e A
T T T T T : A SA RSSO T T T R T T ol T
.1-“ ....................................................................................................... ) AN ....ﬁ.... A L e S ......-1.. ........... e T T e T
m C e ..-u_‘.... .__L-. T L T .-.u.‘u.. .....-.......--.l.-u.-_l.. RN
: K ) __ﬂ- ..................................................................................................................................... el .._l- ._.“. o A ........ . .-.‘. ................... .“.......“........_“...-.-_____. ..l-__.....q_-i. ...!.-_._.E.-_.......
A H : : “.-__" ......................................... ._..__.u. ...“ n.-t : Sy e ....-“.. ........ ...”...............-...-u“__.u.bu\“-mr..w.“_-_\(u..
S e T L L L L e L L L L L T L L L e e L e L L L e e L e L e L e L e L L L e e L L L e e L L L T L L L e e L e D e e D D D e e e - . o o S Ll e L A L e e
........ .-__"....................._....”.”....... L T e, N e e T e e B R A R R A E R A R R AR IR AR AR ....H- L ..._u“ Y ‘o -_l_..“h'._ﬂ.. s ......1'..1....-.....__ ”%-v._i. ...tt... LT r........q__””...u..........1..
.“”.1.”. .”n“” .....““”“..” 2 mxm 1%;-__. * ..1u.m____.n.“.ﬁ...__.q ' ”___“.$ . u“ ”””””“”....””““”.."_“..”..“u””..”””..”..””“.1....””...-..”......”””
L L g R g N A S e i P o B R L g
& Y R L L et b ety \\. T R
y— % A R % L D L D \F«%u&&i\\ﬁ@x R e S
: 0 L N2 RIS ”..-_..,,.....,ﬂ”ﬁ”.. ORI PSP L, S PE PP
RN N e S XN - - ) i 3 . “l\“..-. ..-.....-...... IR RN IR IR
* .”u._._._” ............ ..m.” ........ N LT SRR L Hi P .,“.1.“.”.”.“........ e Ve T W.\M__..__..___.___.\._MH‘.\\ .
R . ' . - B T VLT LT R L . . -
SRR e Bt B R R RS T g T DR SRR RSN
R PR . . T T T T T T . . a' . P A P
T e T T e a A N SR i ) ..u‘.... .._.l1. T e el ! R e e
o T L L T L D L 2 S SR R L e SO R Y
B e s T R N ST gl S S5 B T 0 X S e R s T
J . = o R RE A Ry A AR e e
S A AN A By S PRI, - A, V. L L ......f.p.p..-...p,......:.,.._n.“..._.._.ﬂﬂ...._f..u...“ IR SN A RRRN A
- R 288 L P bes R SR
IEIEBUER I “ A S DI SEOEICIEDE N S W R e i : —a'n
R A YO8 PRI L, - T . -t
”._..._m_“..“ A BRI ST
-9 B S L
..._‘ = ...-.- h .
...”1._ .”...”...-.”..
.._‘-. .
# .
a .
...._I-
Y
..-.\-
L
.
-
F AR
o
-E
R
..-._t.
..“..
F

-'.-.'. e

P

P T T e T T T e e T T R B
T L I L AL T L AT N L I
Fgr o+ - o+ .
................................
11111111111111111111111 A Jd £ E N

,,,,,,,,,,,, _ .w m ; m .
R AILIES \x..\utﬁﬁiht\h\&\u&ua _._.x

|||||||||||||||||||||||||||||||||||||||||||||||||||
......

ettt 1.-1- o e e .__. _-_n_.__. Lt -_.-.__..q_..l ‘.- .... ._.- ‘.-.._.._._-.- ._.n.._.. ._.- ._.__. .._- -.- -_.n...___ :.u -_.qu_q " ‘.J.__.- n ‘.-_..l v ___.._.._.- 1.. __.h .__.- W ___.- ‘.n.._... _..- ._.._..__.- ._.- ...-u_- v ._....._.- ._.- -...q._.- " n-u- W ....._“_.. ¥ _._.- v n....- -.- ...._..__.- ._.l 1.-...- 1- ._.-
........................-..-........._..”.._””””._....._-...._...._.-.....-.......-...-..,u-__..“%mu____.:__..__..,.-:.___,u...._. .._..__._...- ) - ) ) i
i .q.\_n..i.- ......................

L T e e L ORISR .‘___.___... .._.,..____._.q._,..q.._....______r ._n.r T T

....................
11111111111111111111111

MC_E._.._. leuoliloun MC_C_E.‘_QHWD — u_w IE

11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111

...-... T AT A T e e e e T e T e e e T e e T e e T A e T e e a a  a aa a  a aaa a  aa a a a a  ala a ta e a a aa an A T a a T e  a l-.._.l
e
. - '

-.I‘.s.lI..II.-II.l-l‘hlﬂ.-lﬂ.-__al-.-l.l.llhllh .{'—‘.l—

.\_.-l.q._.-n...-_....:.n-_.-.-_.q_-.-_.-.-....:.nln.._..._-.-.-“..:.-n.-....n-.-n.ﬁ..___.ln-_.u_-_.l.u_.n.l_-.__..l.:.-_.n._-. R e -_._-.:.‘..-u_\\.l AN o A E -l._.... A o A
\ -

_-.ll.l.-..:.l.l.l.‘l.\u.x_. .l._-.l.t:.l..ill._-.:.l_-.l.-_.:.l.

m.

|||||||||||

e ._.- ‘.n.._.. ...- ‘.n.._____ "

h.

U.S. Patent

.:.....11-;. e ____.J_. » .:. ¢ ._. ._..a 1....._.___,_.__.‘..__. :- .__4_'.._._'_._..._.

r-_~f-rfef-f~_-*-'~r-_~r-_=:~f-_~r~_~*-'~rﬂ&h&ﬁﬁmﬁﬁﬁﬁﬁﬁhﬁ

| ?@?i‘..'i‘-

rrrrrrrr

rrrrrr

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

..__1. ................................................................................... ............................... ................ CNRRERE -...h.._“ r.. ) ..1."...... ..... .._.-.t-.-:-...h...-:r.n : R ; lm.l_._t__.. i_....‘___.__._h.._..u.._ _...___..__._.__..t__.:_...: ................... ....__1...
..... g S LLDIINI ey T e A e _,__....1..11_1..::11:%1:1 Cadsdnchasiatics ...““.“. “...““‘_.
”..__ﬂ ....... .. . .........h..u..h.h........................... ....... e . YN NN ...__ .__.._..._..T.ql__.._.......__........_..._..l....\-.!“ K .._.__l_.‘-.“.u__._.l__.q......_.t_...r.._..'.-.__.-.___ u_.n:-____..._.. ._:.__..q + e “L“....”‘.“.__h__”bi 1n._.:.._._-__.-ﬂ___s___.-_ 17.... l-.:-. o .-.._“. .‘..._....____4-.-".._..'.”. “..-....-... Tl .%............. I e e S I B BN MR B ..-n... .................. ..__...“
..... .__., T A P PN e ...L.h.u\nxv,p...,.,muwww..._.wtr_..ﬁ-.w.,,.wh......,.__...,,..k_.h.,,..,lwxxmﬁam..u.__u-.”.”.”.H.”.-.. LSt -..ﬁ._..‘..xlx.”.”.”.”.”.,.l-...._......h..._.._.m. T e il BRI b

"i‘fl’-‘.lfl.l‘.

llnﬂlllll\l!lll-llll\ llllll

||||||||||||||||||||||||||||||

i ...ﬁ.__...{._..._.._...._...{,._.m._...,,...._...._{._.....i

111111111111111111111111111

!
Pl ._. PN .._. ol ._. ¢ .t.,._.....-q-ﬁa._.....:.:t...___. ._.-._.u.___...._. )

F a 4 F Jd 4 r da da

..__._._1_F T
R +u-.__._.n¢_..-.....___.-._.-_.-.._.._._..-‘.nt..._.-l\...-...-._.n..____._._.....__ LA ‘.J-._.__.- a .._..xw

AN

oy

“'I

4 E Ty

wal L

L]

e b

] "i-hl.:.‘.
L
N
-
T
T
-

%R

N
R
-:;:-_:;:;".:i,::;'.-_:;:;'.-_::
QX

. ,‘:‘-‘;_.:. -

SRR "'h;

J..Il.a.l-r

-~
'

R NS
B

SR

R
P
M.
oA

e

LY
L]

\"4
- . -..'h‘i:- .
. ‘%‘H
L)
.+

[
B E

:‘l

I'
-I'

,&,.

-ﬁ-\\\«n‘»\ M”ﬂ.}

11111



US 11,555,856 B2

(221A9Q D1) 19%20S 153 € Ise)

e1eq YAL g U10d [eW.ION
eleq YL V I0d [eW.ION

10JU0D/YIIMS g 9sed

&

y—

= SO S|auuey) IV IWLION suld 080d :T ase)
)

o ele ele

@ d a 1na
= ¥QL 24n1X14 1591 HaL 191531

o

S

g |

~

y—

R

o~

s

POYISIAl SANBUISYY - 6 "D

U.S. Patent



as
| ARG AR £ .. | .................... ...1,. ...............................................................................................................
7 0 ¥ AT A AT AN, T . . . T T T, e MR e Al 7 PR3 3 P o e kA e
N2 ¢ e A o . % ap vl s 0 ARG IR
ZAE S S A L L T S i P | ¢ L3 . S, QR <R R A A Y o |
', .“ s g vy PG . s | -~
8 mm iq.i..t..nlqilﬂ-.. ” ' m.__.ul. .Il..-.- . . T . RR000000000000000000000000000000000000000000000008
- y
A,
()
- CRAL5Y 2 BE AT OIS
1_ EYRRSS B WA SR
TSI S ] Y
{3565 swisshs AR
Tt gl g g g g g N N N 4.ﬂq m..%m < P o -ﬂ vﬁlﬂw.-mmwﬁh& ?-...»E.N%h“

HIGYE B G YRGB

Y ERINE Y

Sheet 15 of 16

SBLHERILFIR S50 IR
BILEAEST RS, LAY TG YRGS

REASD GO T
BRGSO

R R ] : )
ﬁwﬂ.ﬁ K ﬂﬂiwﬁxﬁwh\&&. _iixxhxxxxxhxxhx._.,m.....

LRSHTE S5k BRI G

GARGIYIASE
REREARG SRR

Jan. 17, 2023

RNV IY -

e o o o o o o e o e o e o e o e o e Yo o e Y e o o e o e o e o e o e Yo e e Yo o e i o e e o e e o i e o e e o e e e e Yo e e b o e o e o e o e o e o e Yo e o Ve o e o e Yo e Yo e i e o e e o e e o e e Yo e e i Yo e Yo e i e e e Yo e Y e Yo e o e Y o e o e o e Y e o Ve Y e o e o e o Yo i e o e e Yo i e o o e Yo i Yo i e e Yo e e e e e o e Y e o e Yo e o e o e o e o e o e o e o e o e o e it o it

&

m...”

-’ - - -
2 45 GRS
2 3 FLIR WY
7

4

oA ,

% P

ﬂ u\_- __-..._._.l.._-_

&

B .
%
! . iv kﬁ 1.“i ' = . -.. .
F Yy Yy vy yryryyyyyyyyyyyy . .ﬁn -2 ) ..“ R 1 1 8 A A A A A A A A A O A A W W W W W W W AW AW WA WA AALLEL PGS LLLLELEGLELLLELECIOPIPIPPPEPPI PP PP PP PP PP PSSP
» v -

Ol Sl

U.S. Patent



U.S. Paten Jan. 17,2023 Sheet 16 of 16 US 11,555,856 B2

N

f
f

ol

R
i MRS

o e

R

P g g g g g g g g g g

I'I-'I"I"I-'I"I"I-'I"I"I"I"I"I-'I"I"I-'I"I"I"I"I"I-'I"I"I-'I"I"I-'I"I"I-'I"I'

[ |
’
s

g g g e e e

-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-r-.-.-+l.¢-.-.-.-.-r-.-r-.-r-r-r-.-r

‘“““““““.‘““““““‘.““““.““‘.““““.“
r e 3
1&; . ]
S,
,'- i

Tt PP,

2
',
At
*

- J’

v
4
s
!
.i

. N
e SR

UNE

e

£ A
vy
"4
/
”

.":-"
y

-

N R

iy

iy

-

R . -

- T T "

-

-

L

-

iy
'.:Z
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
N
¥
: P XY

) e,
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
)
)
X
~

-

-

rrrrrr

A
A
A
W

* + F + + F F FFFFFEFFFF
i

+

-

;

af.

A
H‘ . -\"‘I

.#hh .
. nmnat
e ASEEN .::*\ &

+
>
1
+
L |
r)
¥
.~
A
A
A
y
- Z s e
£ o -
-
o
7
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + F+F + 1+ 4

“mw e
<

Pl i

T T T T T T T
e

-

i

-
a

. e

‘g
i
o
o
i
o
o
i
o
o
i
o
i
i
o
o
i
o
o
i
o
o
i
o
o
i
o
o
i
o
o
i
o
o
i
o
o
i
¢
i

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

.
S, \'\ Sty
R M, -
AT e
My \\"u'ﬂ;‘ N

e T e N B S S S L St L Ll T,

= % + + + + A FF At

fEffEEFFFFH&HHHEEHFHHEFFFHHEFFFHHEFFIEE ”

P o e,

XAl L LA L AL A

&
F
.%{

o

FIG. 11



US 11,555,856 B2

1

METHOD FOR IN SITU FUNCTIONALITY
TESTING OF SWITCHES AND CONTACTS
IN SEMICONDUCTOR INTERFACE
HARDWARELE

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 62/738,589 entitled “Method for 1n
Situ Functionality of Switches 1n Semiconductor Interface
Hardware,” filed on Sep. 28, 2018, the disclosure of which

1s incorporated by reference herein in its entirety.

TECHNICAL FIELD

The present disclosure 1s related to automated manufac-
turer systems and methods, particularly automated semicon-
ductor test equipment. In particular, the present disclosure 1s
directed to a novel method of testing switches and other
contacts, 1.e., connecting and disconnecting points, on the
signal path of electrical interface hardware that are single-
pass functional (go/no go), as opposed to current methods
that require time 1ntensive 1terations or special circuitry that
support testing.

BACKGROUND

Manufacturing and production industries use automatic
test equipment (ATE) to analyze and assess integrity and
operability ol manufactured products at various stages of
production. Because many diverse types of DUTs are tested
by ATEs, and DUTs may be tested at various stages of
productlon (e.g., linal test, work piece probe, etc.), ATEs are
varied 1n design according to the particular purpose, device,
and/or product for testing.

Although varied, ATEs include several typical operational
units. ATEs and robotic manipulators are widely used, for
example, 1 the production of electronic products, such as
analog and digital components, circuits and devices (includ-
ing semiconductors, ntegrated circuits, microprocessors,
and the like). Because of this prevalence, the typical opera-
tional units of ATEs are described.

The ATE includes a system controller, which controls the
system and movement of data into and out of the system.
The ATE also includes test data and test program storage,
pattern memory, system power supplies, direct current ref-
crence supply umt, analog current reference supply unit,
system clocks and calibration circuits, timing and time set
memory, and precision measurement units (which may
include digital, analog or mixed signal test resource cir-
cuitry). In addition, a test head of the ATE includes pin
clectronics driver cards providing pin circuitry (such as for
comparators, current loads and other test resources) for pin
clectronics testing of DUTs. A device interface board (DIB)
(also referred to as “load board) connects to the test head and
provides connection socket(s) for the DUT or DUTs, as
applicable. The ATE also includes external interfaces for
connection to robotic manipulators for test devices (referred
to as “handlers™ or “device handlers™), as well as interfaces
to computers, networks, and/or other instruments, devices or
components.

When signal switches, such as electromechanical relays
or solid state relays, are added to the signal path of an
clectrical test circuit, the signal switches introduce the
possibility of false results, particularly when they {fail.

Functional {failure modes for malfunctioning switches
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2

include, but are not limited to, “stuck closed” and “stuck
open.” In both cases, the signal switch fails to respond to the
control input and change its state.

There are many configurations of switches, but for the
purposes of this description the simplest form of switch 1s
used for illustration, which 1s a single-pole-single-throw
(SPST) switch. This switch has two states: (1) the put 1s
disconnected from the output, and (2) the mnput 1s connected
to the output

For the purposes of this description, the application of the
switch 1s a semiconductor test. There are many methods
used to test for switch functionality. These methods include,
but are not limited to:

(1) Manual: This method activates and deactivates the
switch while probing across the output terminals with a
multi-meter measuring for alternating shorts and open cir-
cuits. The main problem with this method 1s that 1t 1s very
time-consuming.

(2) Automated Test Equipment, while not testing a device,
using loopback method: This method uses a feedback loop
to drive a test signal through the switch while measuring the
signal on the loop back circuit. The method also requires two
ATE channel resources. It the feedback loop 1s not used for
testing the semiconductor device, then the feedback loop
must be switched 1n as needed. This switching adds com-
plexity and additional cost, and may, under certain condi-
tions, create signal integrity 1ssues (stubs). The problem with
this method 1s that 1t adds hardware complexity and addi-
tional costs.

(3) Automated Test Equipment while not testing a device
using force voltage measure current: In this method, 11 there
1s a resistive load on the far side of the transmission line,
then force a voltage and measure the current. If the current
value 1s what 1s expected for the load and 1s near zero when
disconnected, the switch i1s functional. This 1s a type of
loopback with ground as the return point of the circuit. The
problem with thus method 1s that resistive loads are not
always present.

(4) Automated Test Equipment while testing a device: In
this method, a test passes while using a switch for that test.
The switch may also be deactivated and the test executed
again. A failing result indicates that the switch 1s functional.
The problem in this method 1s that the method 1s time
consuming and 1s very application specific.

(5) Iterative functional measurements that use a 2-D
Schmoo Method (voltage versus time) to composite a time
domain profile of a Time Domain Reflectometry (TDR)
pulse as “observed” at the comparators of the pin electron-
ics. This method 1s used in Time Domain Reflectometry
calibration of the test system, by finding the point in time
when the retlected voltage pulse returns to the pin electron-
ics. The problem with this method 1s that the method 1s very
time consuming and prohibitive during device testing in
productlon Typlcallyj cach function pattern 1s tested by
comparing the difference in edge time, which the difference
between the edge time when the related relay 1s closed when
compared to the edge time when the related relay 1s open.
This method 1s very time consuming because the 2D
Schmoo Method normally requires 2500 or more functional
patterns to be executed.

In Test System TDR Calibration, illustrated in FIG. 1,
compression pogo pins electrically connect the tester
resources to the device under test and any interposing
interface hardware. The pin electronics launch a voltage
pulse that 1s reflected ofl the unterminated end of the pogo
pin and returns to the pin electronics. This round trip time 1s
measured using the 2-D Schmoo method (voltage over time)
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to locate the returning edge of the retlected pulse. Half of
this value gives the transit time between the pin electronics
and the pogo pin. The top lines with the double headed
arrows 1n FIG. 1 represent transit time measurements (not a
j0b TDR).

This data 1s used to “de-skew” the digital timing. The
ellect 1s to calibrate out differences 1n transit times. It also
calibrates out the all timing delays between the pin elec-
tronics and the pogo pins. When the software program
launches a voltage edge, the actual T0 of the edge when 1t
arrives at the pogo pin. The result 1s that signals are launched
at different times so that they arrive at the pogo pins at the
same time. All signals then have the same T0 alignment. The
programmer does not need to worry about synchronmizing,
signals. It 1s done automatically based on the TDR calibra-
tion data.

The same de-skew 1s used for the returning signals. The
system knows that all signals reflect off the pogo pins at the
same time, so the system adjusts the time when the signals
are measured so that diflerences in return transit times are
calibrated out.

In Test Fixture TDR Calibration, illustrated in FIG. 2, the

pin electronics launch a voltage pulse. The pulse 1s reflected
ol the unterminated end of transmission line and returned to
the pin electronics. This round trip time 1s measured using
the 2-D Schmoo method (voltage over time) to locate the
returning edge of the reflected pulse. Half of this value gives
the transit time between the pin electronics and the test
socket (where the line terminates). The top lines with the
double headed arrows in FIG. 2 represent transit time
measurements (not a job TDR). The bottom lines with the
double headed arrows on the left side of the figure represent
test system TDR calibration delays. The bottom line with the
double head arrows on the right side of the figure represent
test fixture TDR calibration delays.

This data 1s used to “de-skew” the digital timing. The
ellect 1s to calibrate out differences in transit times. It also
calibrates out the all timing delays between the pin elec-
tronics and the test socket. When the software program
launches a voltage edge, the actual TO of the signal 1s when
it arrives at the test socket. The result 1s that signals are
launched at different times so that they arrive at the test
socket at the same time. All signals then have the same T0
alignment. The programmer does not need to worry about
synchronizing signals. It 1s done automatically based on the
TDR calibration data.

The same de-skew 1s used for the returning signals. The
system knows that all synchronized signals from the DUT
are launched at the same time, so the system adjusts the time
when the signals are measured so that differences in return
transit times are calibrated out. The result 1s that the arriving
signals are all sampled at the same times relative to their
synchronized reference but at different absolute times. T0

for the returning signals 1s then the same for all signals AND
the launch T0O,

-

-

SUMMARY

As discussed above, the conventional methods for the
testing of switches and other contacts, 1.e., connecting and
disconnecting points, on the signal path of semiconductor
interface hardware that are single-pass functional (go/no go)
cither require time intensive iterations or costly special
circuitry that support the testing. Thus, the present invention
provides for an eflicient and effective methodology of “In
Situ” functionality testing of switches and other connect/
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4

disconnect points on the signal path of electrical semicon-
ductor interface hardware that 1s single-pass functional
(go/no go).

Testing switches and other electrical connect/disconnect
points “in situ” on the signal path in the signal path of
clectrical semiconductor interface hardware means “testing
in place”. In the context of semiconductor test, “in situ”
means testing switch functionality while the switching hard-
ware 1s connected to the ATE and while 1n use testing
semiconductors. This methodology means that the hardware
does not have to be disconnected from the ATE (interrupting
the semiconductor testing process) and moved to a special-
1zed test setup. This methodology also means that the
switches can be tested at any time by a subroutine of the
same program that 1s testing the semiconductor devices.

Thus, the inventive “in situ” methodology can be imple-
mented using existing ATE resources. The “in situ” meth-
odology can also be configured 1n a soitware embodiment
without requirement additional hardware. The *“in situ”
methodology permits the full functional testing of switches,
and other electrical connect/disconnect points (such as con-
nectors, pogo pins, cables, etc.), including testing 1n the open
state, the closed state, and the stuck state. For each state, the
“mm situ” testing can be implemented as a single vector
functional test to minimize test time overhead.

In an embodiment, a method 1s provided for in situ
functionality testing of electrical switches using a Functional
Reflectometry Test (FRT) of switches on the signal path of
clectrical circuits 1n a semiconductor interface. The method
comprises intiating the functionality testing of the electrical
switches 1n situ, wherein the functionality of the electrical
switches 1s tested while the electrical switches are connected
to the Automatic Test Equipment (ATE) and are in-use
testing semiconductors. The method also 1mcludes conduct-
ing full Functional Reflectometry Testing of the electrical
switches 1n situ in an open switch state and a closed switch
state to determine whether each of the electrical switches 1s
one of fully functional, stuck closed, and stuck open,
wherein testing for each state 1s performed as a single vector
functional test to minimize test time overhead.

In another embodiment, the test can be executed on every
test channel concurrently.

In a further embodiment, the 1n situ functionality testing,
includes connect/disconnect points,

In an embodiment, the in situ functionality testing
includes pogo pins.

In another embodiment, the in situ functionality testing
includes semiconductor test sockets.

In a further embodiment, the method uses the Automatic
Test Equipment’s Time Domain Reflectometry (TDR) cali-
bration program to calibrate out diflerences 1n transit times.

In an embodiment, the Functional Reflectometry Test
(FRT) creates a timing window within which a reflected
edge of a test signal must occur for verfication of an open
switch state.

In another embodiment, once the open switch state 1s
verified, then timing data used for the vernification of the
open switch state 1s used to verity the closed switch state.

In a further embodiment, the Functional Reflectometry
Test (FRT) looks for expected reflections of test signals at
two points 1n time.

In an embodiment, the Functional Reflectometry Test 1s
performed every test cycle.

In another embodiment, the total test time for the single
vector functional test 1s less than 10 ms.

In a further embodiment, the method further includes
replacing defective electrical switches.
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In an embodiment, a system 1s provided for performing in
s1tu Tunctionality testing of electrical switches using a Func-
tional Retlectometry Test (FRT). The system includes elec-
trical switches located on the signal path of electrical circuits
in a semiconductor interface, and a user intertace to output
test results of the Functional Reflectometry Test (FRT) 1n a
binary pass or fail format. The system also includes Auto-
matic Test Equipment, including one or more processors and
one or more memories, connected to the electrical switches,
wherein the one or more processors execute instructions that
perform operations, mcluding mmitiating the functionality
testing of the electrical switches 1n situ, wherein the func-
tionality of the electrical switches 1s tested while the elec-
trical switches are connected to the Automatic Test Equip-
ment (ATE) and are in-use testing semiconductors. The
operations performed also include conducting full Func-
tional Retlectometry Testing of the electrical switches 1n situ
in an open switch state and a closed switch state to determine
whether each of the electrical switches 1s one of fully
functional, stuck closed, and stuck open, wherein the open
switch state and the closed switch state are each performed

as a single vector functional test to minimize test time
overhead.

In another embodiment of the system, the operations
include executing the Automatic Test Equipment’s Time
Domain Reflectometry (TDR) calibration program to cali-
brate out diflerences in transit times.

In a further embodiment of the system, the Functional
Reflectometry Test (FRT) creates a timing window within
which a reflected edge of a test signal must occur for
verification of an open switch state.

In an embodiment of the system, once the open switch
state 1s verified, then timing data used for the verification of
the open switch state 1s used to verily the closed switch state.

In another embodiment of the system, the test can be
executed on every test channel concurrently.

In a further embodiment of the system, the in situ func-
tionality testing includes connect/disconnect points.

In an embodiment of the system, the in situ functionality
testing 1ncludes pogo pins.

In another embodiment, a non-transitory computer-read-
able storage medium 1s provided that stores one or more
computer programs, which when executed by the computer,
cause the computer to execute operations. The operations
include mitiating the functionality testing of the electrical
switches in situ, wherein the functionality of the electrical
switches 1s tested while the electrical switches are connected
to the Automatic Test Equipment (ATE) and are in-use
testing semiconductors. The operations also include con-
ducting full Functional Reflectometry Testing of the elec-
trical switches 1n situ 1n an open switch state and a closed
switch state to determine whether each of the electrical
switches 1s one of fully functional, stuck closed, and stuck
open, wherein testing for each state 1s performed as a single
vector functional test to minimize test time overhead.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides an illustration of Test System TDR
Calibration;

FIG. 2 provides an illustration of Test Fixture TDR
Calibration;

FI1G. 3 illustrates two reflection points using a single pole,
single throw switch;

FI1G. 4 illustrates differences in the test signal waveforms
reflecting from Points A and B;
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FIG. 5 illustrates timing and voltage levels based on a
signals reflecting off Points A and B;

FIG. 6 shows an 1llustration of a Passing Result of a Stuck
Closed Test;

FI1G. 7 show a Truth Table:

FIGS. 8A-8F illustrate how to determine functional tim-
12,

FIG. 9 shows an Alternative Method for Determining R1,
R2, and D1 or three different DUTS:

FIG. 10 provides a flowchart of a testing protocol using a
Functional Reflectometry Test; and

FIG. 11 illustrates an exemplary embodiment of a com-
puter 1200 that may be used in the semiconductor testing
process.

DETAILED DESCRIPTION

In view of the foregoing, the present disclosure, through
one or more of 1ts various aspects, embodiments and/or
specific features or sub-components, 1s thus intended to
bring out one or more of the advantages as specifically noted
below.

During the description of the mnvention, a number of
acronyms will be used. Thus, the following Glossary pro-
vides defimitions of notable acronyms:

ATE: Automatic Test Equipment

DUT: Device Under Test, which 1s undergoing testing
DIB: Device Interface Board (also known as a “load board”)
SPST: single-pole-single-throw

TDR: Time Domain Reflectometry

FRT: Functional Reflectometry Test

A Functional Reflectometry Test (FRT) 1s an eflicient and
cllective methodology of “In Situ” functionality testing of
switches and other connect/disconnect points on the signal
path of electrical semiconductor interface hardware that 1s
single-pass functional (go/no go). The FRT test methodol-
ogy uses the standard ATE pin electronics 1n a novel way,
and 1s so fast that the FRT test methodology can be executed
during every test cycle with no significant penalty 1n
throughput.

The FRT method 1s not TDR calibration that uses the
iterative 2-D Schmoo method to measure the time when a
TDR pulse edge returns to the pin electronics point of origin.
The FRT method 1s also not a digital waveform tool that uses
the iterative 2.0 Schmoo method to composite the time
domain profile. In contrast, the FRT method 1s a single
vector functional test.

FIG. 3 illustrates the use of two reflection points, 1.e.,
Point A and Point B. For the purposes of illustration, the
simplest configuration of a switch will be used, which 1s a
single pole, single throw (SPST) switch. This model applies
to any point of connect/disconnect functionality, such as
cables, connectors, or pogo pin connectors. A retlection will
return to the ATE pin electronics from either Point A, when
the switch 1s open, or from Point B, when the switch 1s
closed.

FIG. 4 1llustrates differences in the test signal waveforms
based on a signal reflecting from Point A where the switch
1s open as programmed and a signal reflecting from Point B
where the switch 1s closed as programmed. (Refer to Point
A and Point B 1n FIG. 3.) When the switch 1s open, the test
signal retlected from Point A 1s illustrated as observed at the
ATE pin electronics, and as observed at the DUT end of the
transmission line. Note that some energy passes through the
open switch due to off capacitance. When the switch 1is
closed, the test signal arriving at the far end of the unter-
minated transmission line 1s illustrated. The test signal
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reflection from the far end of the transmission line arrving,
back at the ATE pin electronics 1s also illustrated. Note that
14 of the voltage level at the driver 1s observed due to output
impedance creating a voltage divider with the transmission
line.

FIG. 5 illustrates a comparison of timing and voltage
levels based on a signal reflecting from Point A when the
switch 1s open as programmed, and based on a signal
reflecting from Point B with the switch 1s closed as pro-
grammed.

FIG. 6 shows an illustration of a Passing Result of a Stuck
Closed Test, when the received edges are characterized by a
low voltage level followed by a high voltage level. FIG. 6
also shows an illustration of a Failing Result of a Stuck
Closed Test, when the received edges are characterized by a
low voltage level followed by a high voltage level. In this
instance, the switch 1s stuck 1n the on (closed) state.

FIG. 7. shows a Truth Table illustrating the test result
dependent upon the signal voltage levels at two sequential
different times R1 and R2 dependent upon whether the
switch 1s open or closed. As shown in the Truth Table, a
sequential result of a low signal voltage followed by a low
signal voltage 1s a test failure by indicating that the switch
1s stuck open when the switch 1s open. However, the same
a sequential result of a low signal voltage followed by a low
signal voltage 1s a test pass by indicating that the switch 1s
closed when the switch 1s supposed to be closed. Other
possible test results are shown s being inconclusive or not
possible.

FIGS. 8A-8F illustrate how to determine functional tim-
ing. Referring to FI1G. 8A, the Functional Reflectometry Test
Protocol for a single pole, single throw switch begins with
using the Time Domain Reflectometry (TDR) calibration
program of the ATE to get data to calculate R1, R2, and D1,
where R1 and R2 represent the voltage levels at two diflerent
sequential points in time, and D1 represents the time interval
between R1 and R2. In this single pole, single throw switch
configuration, Point A is located at the switch, wherein Point
B 1s located at the end of the switched transmission line.

With all switches open (disconnected), then a TDR cali-
bration 1s run on channels with open switches. This returns
test fixture TDR calibration delays for point A. All point A
data 1s then stored. The switches are then closed (connected)
and TDR test fixture calibration 1s run as normal. This
returns test fixture TDR calibration delays for point B. Then
all Point B data 1s stored. At this time, Point B data 1s used
to TDR calibrate the ATE as normal.

FIG. 8B illustrates a similar Functional Reflectometry
Test Protocol for a single pole, double throw switch by using
the new Point A and Point B locations shown 1in FIG. 8B. In
this single pole, double throw switch configuration, Point A
1s located at the end of the shorter of the two branch circuits,
wherein Point B 1s located at the end of the longer of the two
branch circuits.

Then, the method follows the same operations discussed
above relating to FIG. 8A. With all switches open (discon-
nected), a TDR calibration 1s run on channels with open
switches. This returns test fixture TDR calibration delays for
point A. All point A data 1s then stored. The switches are then
closed (connected) and TDR test fixture calibration 1s run as
normal. This returns test fixture TDR calibration delays for
point B. Then all Point B data 1s stored. At this time, Point
B data 1s used to TDR calibrate the ATE as normal.

FIG. 8C illustrates a similar for generic connect and
disconnect points, such as pogo pins. In FIG. 8C, Point A 1s
located at a pogo pin at the end of a circuit connected to PIN
clectronics without a DUT Interface Board attached (dis-
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connected). Point B 1s located at the end of the circuat,
connected to Pin electronics, that includes the pogo pin with

the DUT Interface Board connected.
Then, the method follows the same operations discussed

above relating to FIG. 8A and FIG. 8B. With all switches
open (disconnected), a TDR calibration i1s run on channels
with open switches. This returns test fixture TDR calibration
delays for point A. All point A data 1s then stored. The
switches are then closed (connected) and TDR test fixture
calibration 1s run as normal. This returns test fixture TDR
calibration delays for point B. Then all Point B data is
stored. At this time, Point B data 1s used to TDR calibrate the
ATE as normal.

As shown 1n FIG. 8D, the Protocol continues. In FIG. 8D,
the top line with the double headed arrows represents the
transit time measurement between the Pin electronics and
the end of the transmission line at a DUT socket. The middle
line 1llustrate an end of transmission line at a DUT socket.
The bottom lett line with the double headed arrows repre-
sents that TDR calibration delays (1), whereas the bottom
right line with the double headed arrows represents the text
fixture TDR calibration delays (B).

R1 and R2 are the compare times for the two checks on
the retlected signal. R1 must be before the retlection arrives,
and R2 must be just after the reflection arrives. R1 and R2
create a “timing window” within which the reflected edge
must occur for verification of an open switch state. Once the
open state 1s verified, the same values can then be used to
verily the closed state. If R1, R2, and D1 are all set to the
same time for the Functional Reflectometry Test, the receive
edges will occur at a delayed time equal to the entire round
trip transit time between the Pin electronics and Point B.
This 1s equal to two times the transit time measurements 1n
FIG. 8D. It 1s also equal to two times the sum of the Test
System TDR calibration delays (1) and the Test Fixture TDR
calibration delays (B) or 2(T+B).

In FIG. 8E, it R1, R2, and D1 are all set to the same time
for the Functional Reflectometry Test, the compare times
will be late because the reflection from the open switch
arrived earlier. To align the drive and receirve edges, the
compare times must be reduced (made to occur earlier) by
reducing 2(T+B) to 2(T+A). This can be expressed as
2(T+B)-2(T+A)=2T+2B-2T-2A=2B-2A.

The compare times must occur (2B-2A) before the drive
edge for them to be aligned when the retlection returns from
the open switch. This can be implemented by placing the
strobes at T0 and delaying the drive edge by (2B-2A).

Of course, there needs to be a compare window around
the reflected edge, so the R2 must be delayed from R1 by the
window width (W).

To place the reflected edge 1n the center of the window,
the drive edge should be delayed by 12 W.

These two timings shown below are equivalent, however,
they have different T0 references. Thus, the LEFT TIMING
1s all positive timing and 1s better suited for semiconductor
test programming.

[LEFT TIMING] - [RIGHT TIMING]

Rl =0s=TO -~ Rl =—((2B - 2A) + Y2 W)
Dl =(2B-2A)+ % W - Dl =0s=TO
R2 =W - R2=-(2B-2A)+ YV W)+ W

FIG. 8F provides a graphical illustration of these two
timings, 1.e., the LEFT TIMING (R1 and R2 with compen-
sation) and the RIGHT TIMING (R1 and R2 without com-

pensation).
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FIG. 9 shows an Alternative Method for Determining R1,
R2, and D1 for three different DUTs: (1) Case 1: Pogo Pins;
(2) Case 2: Switch/Contact; and Case 3: Test Socket (I1C
Device). The TDR calibration data for each channel deter-
mines the location of the DUT (Device Under Test) and
where timing de-skew occurs. Drive edges have skewed
launches so that the signals arrive synchronized (de-skewed)
at the DUT. Receive edges are launched 1n synchronization
from the DUT, but arrive at pin electronics at different times
(skewed). They are re-synchronized by comparing at those
same different arrival times.

Thus, the following timing works for all three Cases:

R1=0 =10

D1=2 W

R2=W

The reflection of the drive edge 1s expected to return (receive
time) at 2 W because the recerve edges are delayed from D1
by the round trip time of the pulse as determined by the sum
of the two TDR calibration sets (Tester and Fixture).

The test time overhead 1s characterized by the following:

Less than 1 ms to program the switch

Less than 5 ms for the switch to actuate and settle

less than 100 ns for the patter file to execute
The test can be executed on every test channel concurrently,
The total test time 1s well below 10 ms.
The verification test can be performed every test cycle with
on significant through put penalty for the highest stands of
test.

The Functional Reflectometry Test cannot discriminate
between one or both switches being stuck in the on state.

However, one the fault 1s identified, 1t 1s easy to use to
hand-held multi-meter to make that determination. In the
event that a stuck closed fault 1s detected, 1t 1s recommended
that both switches 1n the pair of switches be replaced as:

the most common reason for a stuck closed fault 1s
over-current on either the mput (the actuation terminals) of
the output side (switched signal); and

since all branches of the multiplexing circuit perform the
same electrical tests, 1t 1s very unlikely that both switches
have been similarly stressed and fatigued.

FIG. 10 provide a flowchart of a testing protocol using
Functional Reﬂectometry Test (FRT). To imitiate the testing
protocol using RFT, both switches are opened (turned ofl).
In the flowchart, FRT 1s performed a first time. If FRT {fails,
then one or both switches are stuck closed (on). Thus, the
recommended solution 1s to replace both switches. If FRT
passes, then neither switch 1s stuck closed. Thus, both
switches should be tested for proper closed (on) actuation.
At this time switch 1 1s closed (on).

Now FRT i1s performed a second time. If FRT {fails, then
switch 1 1s stuck open (ofl). As a result, switch 1 should be
replaced. However, 1f switch 1 passes the second FRT test,
then switch 1 1s determined to be functional. Thus, switch 1
1s opened (ofl) and switch 2 1s closed (on).

At this point, FRT 1s performed a third time. If FRT fails,
then switch 2 1s determined to be stuck open (ofl). Then,
switch 2 should be replaced and the testing protocol re-
mitiated. However, 11 FRT passes, then both switches are
determined to be fully functional and the testing protocol 1s
ended.

FIG. 11 1llustrates an exemplary embodiment of a com-
puter 1200 that may be used in the semiconductor testing,
process that utilizes automated semiconductor test equip-

ment and robotic handlers. The computer 1200 includes one
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or more sets of computer programming 1nstructions that are
stored 1n memory 1202 and that can be executed by pro-
cessor 1201 in computer 1200 to perform the process
described above. Computer 1200, which when properly
programmed with specific testing soltware, becomes a spe-
cial purpose computer that 1s configured for a specialized set
of testing operations and functions.

The computer utilized 1n semiconductor test system may
be present 1n one of many physical configurations, including
being configured as a server or as a client terminal. The
computer may also be associated with various devices, such
as a desk-top computer, a laptop computer, a personal digital
assistant, a mobile device, an electronic tablet, a smart
phone, efc.

As 1illustrated 1n FIG. 11, the computer 1200 includes a
processor 1201 and memory 1202, which 1s representative
of one or more various memories that may be used by the
computer 1200. These memories may include one or more
random access memories, read only memories, and pro-
grammable read only memories, etc. Computer 1200 also
includes at least one display 1203, which may be provided
in any form, including a cathode ray tube, a LED display, an
LCD display, and a plasma display, etc. The display may
include provisions for data entry, such as by a touch-
sensitive screen. Additional output devices may include an
audio output device, such as a speaker 1209.

Computer 1200 further includes one or more input
devices. Input devices may include one or more of an
alpha-numeric nput device 1204, such as a keyboard; a
cursor controller 1205, such as a mouse, touch-pad, or
joy-stick; and a microphone 1210. Computer 1200 also
enables processor 1201 to communicate with one or more
remote devices 1206 over a network 1207 external to
computer 1200. Communications internal to computer 1200
primarily use bus 1208.

In an alternative embodiment, dedicated hardware 1mple-
mentations, such as application specific integrated circuits,
programmable logic arrays and other hardware devices, can
be constructed to implement one or more of the methods
described herein. Applications that may include the appara-
tus and systems of various embodiments can broadly include
a variety of electronic and computer systems. One or more
embodiments described herein may implement functions
using two or more specific interconnected hardware modules
or devices with related control and data signals that can be
communicated between and through the modules, or as
portions of an application-specific integrated circuit.
Accordingly, the present system encompasses soltware,
firmware, and hardware implementations.

In accordance with various embodiments of the present
disclosure, the methods described herein may be imple-
mented by software programs executable by a computer
system. Further, in an exemplary, non-limited embodiment,
implementations can include distributed processing, com-
ponent/object distributed processing, and parallel process-
ing. Alternatively, virtual computer system processing can
be constructed to implement one or more of the methods or
functionality as described herein.

Although the invention has been described with reference
to several exemplary embodiments, 1t 1s understood that the
words that have been used are words of description and
illustration, rather than words of limitation. Changes may be
made within the purview of the appended claims, as pres-
ently stated and as amended, without departing from the
scope and spirit of the invention 1n 1ts aspects. Although the
invention has been described with reference to particular
means, materials and embodiments, the invention 1s not
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intended to be limited to the particulars disclosed; rather the
invention extends to all functionally equivalent structures,
methods, and uses such as are within the scope of the
appended claims.

While the non-transitory computer-readable medium may
be shown to be a single medium, the term “computer-
readable medium” includes a single medium or multiple
media, such as a centralized or distributed database, and/or
associated caches and servers that store one or more sets of
instructions. The term “non-transitory computer-readable
medium”™ shall also include any medium that 1s capable of
storing, encoding or carrying a set of instructions for execu-
tion by a processor, or that cause a computer system to
perform any one or more of the methods or operations
disclosed herein.

In a particular non-limiting, exemplary embodiment, the
computer-readable medium can include a solid-state
memory such as a memory card or other package that houses
one or more non-volatile read-only memories. Further, the
computer-readable medium can be a random access memory
or other volatile re-writable memory. Additionally, the com-
puter-readable medium can include a magneto-optical or
optical medium, such as a disk or tapes or other storage
device to capture carrier wave signals such as a signal
communicated over a transmission medium. Accordingly,
the disclosure 1s considered to include any computer-read-
able medium or other equivalents and successor media, 1n
which data or instructions may be stored.

Although the present specification describes components
and functions that may be mmplemented in particular
embodiments with reference to particular standards and
protocols, the disclosure 1s not limited to such standards and
protocols. For example, standards for Internet and other
packet-switched network transmission represent examples
of the state of the art. Such standards are periodically
superseded by faster or more eflicient equivalents having
essentially the same functions. Accordingly, replacement
standards and protocols having the same or similar functions
are considered equivalents thereof.

The 1llustrations of the embodiments described herein are
intended to provide a general understanding of the structure
of the various embodiments. The illustrations are not
intended to serve as a complete description of all of the
clements and features of apparatus and systems that utilize
the structures or methods described herein. Many other
embodiments may be apparent to those of skill in the art
upon reviewing the disclosure. Other embodiments may be
utilized and derived from the disclosure, such that structural
and logical substitutions and changes may be made without
departing from the scope of the disclosure. Additionally, the
illustrations are merely representational and may not be
drawn to scale. Certain proportions within the illustrations
may be exaggerated, while other proportions may be mini-
mized. Accordingly, the disclosure and the figures are to be
regarded as illustrative rather than restrictive.

One or more embodiments of the disclosure may be
referred to herein, individually and/or collectively, by the
term “‘invention” merely for convemence and without
intending to voluntarily limit the scope of this application to
any particular mvention or inventive concept. Moreover,
although specific embodiments have been illustrated and
described herein, it should be appreciated that any subse-
quent arrangement designed to achieve the same or similar
purpose may be substituted for the specific embodiments
shown. This disclosure i1s intended to cover any and all
subsequent adaptations or variations ol various embodi-
ments. Combinations of the above embodiments, and other
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embodiments not specifically described herein, will be
apparent to those of skill in the art upon reviewing the
description.

The Abstract of the Disclosure 1s submitted with the
understanding that 1t will not be used to interpret or limit the
scope or meaning of the claims. In addition, in the foregoing
Detailed Description, various features may be grouped
together or described 1n a single embodiment for the purpose
of streamlining the disclosure. This disclosure 1s not to be
interpreted as reflecting an intention that the claimed
embodiments require more features than are expressly
recited 1in each claim. Rather, as the following claims retlect,
inventive subject matter may be directed to less than all of
the features of any of the disclosed embodiments. Thus, the
following claims are incorporated into the Detailed Descrip-
tion, with each claim standing on its own as defining
separately-claimed subject matter.

The above disclosed subject matter 1s to be considered
illustrative, and not restrictive, and the appended claims are
intended to cover all such modifications, enhancements, and
other embodiments which fall within the true spirit and
scope ol the present disclosure. Thus, to the maximum
extent allowed by law, the scope of the present disclosure 1s
to be determined by the broadest permissible interpretation
of the following claims and their equivalents, and shall not
be restricted or limited by the foregoing detailed description.

What 1s claimed 1s:

1. A method for 1n situ functionality testing of electrical
switches using a Functional Reflectometry Test (FRT) of
switches on the signal path of electrical circuits 1n a semi-
conductor interface, the method comprising:

imitiating the functionality testing of the electrical

switches 1n situ,

wherein the functionality of the electrical switches 1is

tested while the electrical switches are connected to the
Automatic Test Equipment (ATE) and are in-use testing
semiconductors; and

conducting full Functional Reflectometry Testing of the

clectrical switches 1n situ 1n an open switch state and a
closed switch state to determine whether each of the
clectrical switches 1s one of fully functional, stuck
closed, and stuck open,

wherein testing for each state 1s performed as a single

vector functional test to minimize test time overhead,
wherein the method uses the Automatic Test Equipment’s
Time Domain Reflectometry (TDR) calibration pro-
gram to calibrate out diflerences 1n transit times, and
wherein the Functional Reflectometry Test 1s performed
every test cycle.

2. The method according to claim 1,

wherein the test can be executed on every test channel

concurrently.

3. The method according to claim 1,

wherein the 1n situ functionality testing includes connect/

disconnect points.

4. The method according to claim 1,

wherein the 1n situ functionality testing includes pogo

pins.

5. The method according to claim 1,

wherein the 1n situ functionality testing includes semi-

conductor test sockets.

6. The method according to claim 1

wherein the Functional Reflectometry Test (FRT) creates

a timing window within which a reflected edge of a test
signal must occur for verification of an open switch
state.
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7. The method accordingly to claim 6

wherein once the open switch state 1s verified, then timing
data used for the verification of the open switch state 1s
used to verily the closed switch state.

8. The method according to claim 1,

wherein the Functional Reflectometry Test (FRT) looks
for expected reflections of test signals at two points 1n
time.

9. The method according to claim 1,

wherein the total test time for the single vector functional
test 1s less than 10 ms.

10. The method according to claim 1, further comprising:

replacing defective electrical switches.

11. A system for performing 1n situ functionality testing of

clectrical switches using a Functional Reflectometry Test
(FRT), the system comprising:

clectrical switches located on the signal path of electrical
circuits 1n a semiconductor interface;
a user interface to output test results of the Functional
Reflectometry Test (FRT) 1u a binary pass or fail
format:
Automatic Test Equipment, including one or more pro-
cessors and one or more memories, connected to the
clectrical switches, wherein the one or more processors
execute 1nstructions that perform operations, mncluding
mitiating the functionality testing of the electrical
switches 1n situ, wherein the functionality of the
clectrical switches 1s tested while the electrical
switches are connected to the Automatic Test Equip-
ment (ATE) and are in-use testing semiconductors;

conducting full Functional Reflectometry Testing of the
clectrical switches 1n situ 1n an open switch state and
a closed switch state to determine whether each of
the electrical switches 1s one of fully functional,
stuck closed, and stuck open, wherein the open
switch state and the closed switch state are each
performed as a single vector functional test to mini-
mize test time overhead:; and

executing the Automatic Test Equipment’s Time
Domain Reflectometry (TDR) calibration program to
calibrate out diflferences in transit times,

wherein the Functional Reflectometry Test 1s per-
formed every test cycle.
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12. The system according to claim 11,

wherein the Functional Reflectometry Test (FRT) creates
a timing window within which a reflected edge of a test
signal must occur for verification of an open switch
state.

13. The system accordingly to claim 12,

wherein once the open switch state 1s verified, then timing
data used for the verification of the open switch state 1s
used to verily the closed switch state.

14. The system according to claim 11,

wherein the test can be executed on every test channel
concurrently.

15. The system according to claim 11,

wherein the 1n situ functionality testing includes connect/
disconnect points.

16. The system according to claim 11,

wherein the in situ functionality testing includes pogo
pins.

17. A non-transitory computer-readable storage medium

that stores one or more computer programs, which when
executed by the computer, cause the computer to execute
operations, including

imtiating the functionality testing of the electrical
switches 1n situ,

wherein the functionality of the electrical switches 1is
tested while the electrical switches are connected to the
Automatic Test Equipment (ATE) and are 1n-use testing
semiconductors;

conducting full Functional Reflectometry Testing of the
clectrical switches 1n situ 1n an open switch state and a
closed switch state to determine whether each of the
clectrical switches 1s one of fully functional, stuck
closed, and stuck open; and

executing the Automatic Test Equipment’s Time Domain
Reflectometry (TDR) calibration program to calibrate
out differences 1n transit times,

wherein the Functional Reflectometry Test 1s performed

every test cycle, and
wherein testing for each state 1s performed as a single
vector functional test to minimize test time overhead.
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